Synchronized phasor measurements have become an important technology with several international manufacturers offering commercial phasor measurement units (PMUs) which meet the prevailing industry standard for synchrophasors. With the occurrence of major blackouts in many power systems around the world, the value of data provided by PMUs has been recognized, and installation of PMUs on power transmission networks of most major power systems has become an important current activity. This paper presents a transmission line protection scheme based on synchronized phasor measurement units to detect (predict) out of step condition using equal-area criterion which is consistent with transient energy function method for single machineinfinite bus system or two machines system. This scheme uses the measured values of voltages and currents, as complex values, at the generator bus and at the infinite bus. These values of voltage and current are measured in time domain and transformed into phasor domain by using Discrete Fourier Transform to calculate the required areas. The proposed scheme can be used for the detection of out of step condition using equal area criterion with different types of faults at different locations and different models of transmission lines.
positive sequence (and negative and zero sequence quantities, if needed) voltages and currents of a power system in real time with precise time synchronization. This allows accurate comparison of measurements over widely separated locations as well as potential real-time measurement based control actions [15, 16] . A new approach, considering synchronized measurement data from both ends of a transmission line, to protect transmission line is presented in [17] . This paper presents a transmission line protection scheme based on synchronized phasor measurement units to detect (predict) out of step condition. This scheme uses the measured values of voltages and currents, as complex values, at the generator bus and at the infinite bus. This scheme can be used for the detection of out of step condition using equal area criterion with different types of faults at different locations and different models of transmission lines.
2.Phasor Measurement Unit
The modern PMUs use one pulse per second signals provided by the Global positioning system (GPS) satellite receivers as shown in Figure 1 . The accuracy of the GPS timing pulse is better than 1µs, which for a 60 Hz system corresponds to about 0.02 degrees, this accuracy is more than enough to ensure that the measurements obtained by such clocks will be simultaneous for the purpose of estimation and analysis of the power system state [18] .
Figure 1: GPS satellite transmissions as the preferred method of achieving synchronization of sampling clocks in PMUs

Measurements Techniques
The basic definition of the phasor representation of a sinusoid is illustrated in Figure 2 . Assume a single frequency constant sinusoid of frequency ω is observed starting at time t = 0. The sinusoid can be represented by a complex number called 'Phasor' which has a magnitude equal to the root-mean-square (rms) value of the sinusoid, and whose angle is equal to the angle between the peak of the sinusoid and the t = 0 axis.
Figure 2:
Definition of a Phasor, a complex number representation of a constant pure sinusoid. If the sinusoid is not a pure sine wave, the phasor is assumed to represent its fundamental frequency component calculated over the data window. The most commonly used method of calculating phasors from sampled data is that of Discrete Fourier Transform (DFT) as shown in Figure 3 . The sampling clocks are usually kept at a constant frequency even though the input signal frequency may vary by a small amount around its nominal value as described in [19] . A more computationally efficient method is to compute the estimated phasor recursively by adding the contribution made by the new sample, and subtracting the contribution made by the oldest sample. This is illustrated in Figure 4 . A useful artifact of the recursive DFT algorithm is that the constant sinusoid of nominal frequency produces a constant phasor [18] . A phase may be used as an indicator of the dynamic performance of a power system, as is well appreciated in the dynamic swing equations [20] .
Some Applications of PMUs in Power System
Advanced network protection
This category of applications of synchronized phasor measurements is that of enhancing the effectiveness of power system protection. This involves equipment and system protection, as well as remedial action schemes. An example of phasor measurements used for protection is given in the adaptive out-of-step relaying study, using concepts from transient stability analysis; it is possible to design improved out-of-step relays [21] .
Detection of Instability
Detection of instability in power systems is not a relaying function. However, many relaying functions (load shedding, for example) depend upon the premise that given the current state of a power system, it will remain stable following a transient oscillation.
Conversely, the out-of-step tripping function is based upon, the premise that the postdisturbance system will be unstable. In a power system consisting of two synchronous machines and a connecting network over which synchronizing power can flow, the problem of instability detection can be solved in real-time. The equal-area criterion is applicable in this case, and if the machine rotor angles and speeds can be measured in real-time a prediction algorithm can be developed for the detection of instability [22] .
Phase as Indicator of the Dynamic Performance of a Power System
Synchronous machines must adapt to different operating conditions when exchanging real power across a power system [23] . The machines accelerate or decelerate to adapt (1) We can represent power, P, as a function of torque, T, according to Equation (2) .
Where, T is the torque, N.m ω is the angular velocity, rad/s It can be seen from Equation (3); the change of the angular rotor position, θ, with respect to time determines the angular velocity, ω.
The torque, T, is a function of the moment of inertia, J, and the angular acceleration, α, according to Equation (4). (6), we can represent the accelerating power, P a , as a function of the angular acceleration, α, and as a function of the angular rotor position, θ.
The rotor angle position can be expressed with respect to a synchronous reference frame that rotates at synchronous speed, ω syn . The angular rotor position, θ, is equal to the phase angle due to the synchronous rotating reference, ω syn .t, plus the angular displacement from the synchronous rotating reference, δ, as shown in Equation (7).
The angular velocity, ω, is:
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Taking the derivative of the angular velocity, we can rewrite Equation (6) as a function of δ:
We can express Equation (9) as a function of the constant inertia, H, with power expressed in per unit as follows:
Where, P m is the mechanical power supplied to the generator, pu P e is the electrical power supplied to the system, pu H is the constant of inertia, s Equation (10) is known as the swing equation; one swing equation per machine is necessary to model the network dynamics. When the load-generation equation is balanced (total load equals total generation), machine speeds are practically equal to synchronous speed. The angular displacements, δ, of machines in a system provide information about the system dynamics. One cannot measure this angular displacement mechanically. By computing the voltage phasor behind the machine transient reactance, one can study the phase angle variations to obtain an image of the machine angular displacement. In practice, machine-oscillating modes can be determined by measuring the phase angle of the positive-sequence voltage phasor at the machine terminals [20] .
Adaptive Out-Of-Step Protection
It is recognized that a group of generators going out of step with the rest of the power system is often a precursor of a complete system collapse. Whether an electromechanical transient will lead to stable or unstable condition has to be determined reliably before appropriate control action could be taken to bring the power system to a viable steady state. Out-of-step relays are designed to perform this detection and also to take appropriate tripping and blocking decisions [24] . For single machine system or two machines system, Equal area criterion (EAC) is an effective method to assess power system stability. EAC has excellent characteristic, it inspires many scholars to apply EAC to multi-machines [25] .
Theory of Single Machine-Infinite Bus System
Power Transfer Equation
For a simple lossless transmission line connecting a generator and infinite bus as shown in Figure 5 . If V 1 = V 2 = V 2 cos δ + j V 2 sin δ, Z = R + j X It is well known that the active power, P, transferred between two generators for a lossless line can be expressed as:
Where, V 1 is the voltage of the infinite bus (reference voltage), volt V 2 is the voltage of the generator bus, volt δ is the angle difference between the generator and infinite bus, rad X is the total reactance of the transmission line and generator. The maximum amount of power that can be transferred over the line, P max when δ = 90 degree [26] .
The Power Angle Curve
The generator in Figure 5 is in stable operation at a phase angle of δ compared to the infinite bus, i.e. the voltage at the generator bus U2 is leading the voltage at the infinite bus U1 by an angle δ. The mechanical power input, Pm, and the electrical power output, P e , drawn in Figure 6 describes the power balance of the generator. The curves intersect at two points, the stable equilibrium point and the unstable equilibrium point. 
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Transiently Stable and Unstable Systems
In Figure 7 the changes of angle and power transfer between the generator and the infinite bus, before, during and after a fault, are plotted. 
The Equal Area Criterion
The equal-area criterion can be used to calculate the maximum fault clearing time before the generator loses synchronism. The equal-area criterion integrates the energy gained when the turbine-generator is accelerating, during the fault (area A, in Figure 8 ) and compares that area with the decelerating area, (area B, in Figure 8 ) when the generator exports the energy stored during the fault.
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Figure 8: Equal-area criterion with an acceleration area A and a decelerating area B.
Area A represents the total kinetic energy gained during the acceleration period. As soon as the fault is cleared, at angle δ1, the angle will continue to increase and the kinetic energy gained during the fault period will expand into the power system. When area B is equal to area A angle δ has reached its maximum value [26] . When area A < B the system will be stable and if A > B the system will be unstable. 5.
Evaluation of the proposed protection scheme
Power system model
Using the Electromagnetic Transient program PSCAD/EMTDC, a single machine, three-phase 400 kV power system against infinite bus with a line of 900 km length divided into six identical π sections each of length 150 km has been simulated for the analysis of the proposed protection scheme. The one-line diagram of the studied system is shown in Figure 9 and its parameters are shown in Table 1 . The transmission line is a double-circuit line and simulated using both the Bergeron model and the frequencydependent model options.
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Figure 9: Simulated power system model. The performance of the proposed MATLAB program has been tested for different faults in a validation set with different fault types, fault locations.
Out of
Step Detection Algorithm Figure 10 shows a flow chart for the proposed out-of-step detection algorithm. First the algorithm takes data from the EMTDC/PSCAD program. This data will be converted by a DFT to complex phasors of voltages and currents. After that the program determines the areas A and B and finally checks if there is out-of-step condition or not.
Different types of faults are applied to the system in the transmission line near to the generator bus, as a fault at a bus near the infinite bus will cause very high fault current and will not be possible to measure. 
Simulation Results
Some test results are presented in the following subsections. The proposed scheme is tested for calculating areas A and B for this fault and determines if the generator will be out of step (unstable condition) or not. The proposed scheme is tested for calculating areas A and B for this fault and determines if the system has had a failure but will not lose a synchronism (stable condition) or not.
Case
Scheme responses to different faults
The proposed scheme is tested for detecting the system stability. The program output for different faults at different locations with different models of transmission line is shown in Table 2 . Also, the effect of variation of the fault inception time and duration for a fault occurring at a certain distance is given in Table 3 . It is concluded from Table 2 that time of fault inception is directly related to the angle difference between the generator and infinite bus (δ) which will affect the accelerating and decelerating area and will affect the stability of the system. Also, for faults near the Table 3 that duration of fault is directly related to the angle of fault clearing which will affect the accelerating and decelerating area and will affect the stability of the system, when D f increases the system will tend to be unstable for the same t f .
Conclusions
This paper presents a transmission line protection scheme based on synchronized phasor measurement to detect out-of-step condition. The proposed scheme is applicable to the protection of double-circuit transmission lines as well as regular single-circuit line.
The Discrete Fourier Transform is used to transform the sampled data in phasor domain which is equivalent to PMU readings. The equal-area criterion is used and proved that it is an efficient method for determining the transient stability of a power system and detecting the out of step condition. Test results show that the proposed scheme is able to detect the out of step condition under different conditions with different fault types, different locations and different models of transmission line.
